In this study, we compared the uterine tissue of estrogen receptor (ER)␤ ؊/؊ mice and their WT littermates for differences in morphology, proliferation [the percentage of labeled cells 2 h after BrdUrd injection and EGF receptor (EGFR) expression], and differentiation (expression of progesterone receptor, E-cadherin, and cytokeratins). In ovariectomized mice, progesterone receptor expression in the uterine epithelium was similar in WT and ER␤ ؊/؊ mice, but E-cadherin and cytokeratin 18 expression was lower in ER␤ ؊/؊ mice. The percentage of cells in S phase was 1.5% in WT mice and 8% in ER␤ ؊/؊ mice. Sixteen hours after injection of 17␤-estradiol (E2), the number of BrdUrd-labeled cells increased 20-fold in WT mice and 80-fold in ER␤ ؊/؊ mice. Although ER␣ was abundant in intact mice, after ovariectomy, ER␣ could not be detected in the luminal epithelium of either WT or ER␤ ؊/؊ mice. In both untreated and E2-treated mice, ER␣ and ER␤ were colocalized in the nuclei of many stromal and glandular epithelial cells. However, upon E2 ؉ progesterone treatment, ER␣ and ER␤ were not coexpressed in any cells. In WT mice, EGFR was located on the membranes and in the cytoplasm of luminal epithelium, but not in the stroma. In ER␤ ؊/؊ mice, there was a marked expression of EGFR in the nuclei of epithelial and stromal cells. Upon E2 treatment, EGFR on cell membranes was down-regulated in WT but not in ER␤ ؊/؊ mice. These findings reveal an important role for ER␤ in response to E2 and in the organization, growth, and differentiation of the uterine epithelium.
P
roliferation of epithelial cells (1, 2) , uterine hyperemia, fluid uptake (termed water imbibition), recruitment of inflammatory leukocytes from the bloodstream into the stromal compartment (3, 4) , and the induction of the progesterone receptor (PR) are caused by 17␤-estradiol (E 2 ). Progesterone (P 4 ) inhibits estrogen-induced cell proliferation of the luminal and glandular epithelial compartment (5) and stimulates epithelial differentiation in preparation for embryo implantation. Physiologically and pharmacologically, P 4 is important for prevention of endometrial hyperplasia (6) . After the cessation of ovarian function, estrogen replacement is needed for preservation of the skeletal, cardiovascular, and central nervous systems. To oppose the proliferative effects of estrogen on the uterus and reduce the risk of endometrial cancer, progesterone is used together with estrogen in hormone replacement therapy after menopause (7, 8) .
Most of the known actions of estrogen are mediated by the estrogen receptors (ERs) ER␣ and ER␤, both of which bind E 2 and modulate transcription of E 2 -responsive genes (9) . A single injection of E 2 results in a synchronized wave of cell proliferation, with DNA synthesis in epithelial cells beginning 6-9 h after E 2 injection and peaking at 12-15 h. DNA synthesis is followed by a wave of cell division (1, 2, 10) . P 4 elicits its function through binding to the PR.
During the secretory phase of the estrus cycle, endometrial stroma becomes predecidual in preparation for decidualization if pregnancy occurs. Decidualization can be induced by P 4 and E 2 and involves EGF action on the stromal EGF receptor (EGFR). E 2 -induced epithelial cell proliferation is mediated by stromal ER␣. It is currently thought that in the uterus, stromal ER␣ induces secretion of EGF. Although ER␣ is the predominant ER in the adult rodent uterus, ER␤ mRNA has also been detected in WT and ER␣ Ϫ/Ϫ mouse uteri (11) . Targeted disruption of ER␤ in mice (12) has revealed roles for ER␤ in differentiation of various epithelial and nonepithelial cell types in many tissues and organs (13) (14) (15) (16) (17) (18) (19) . In the uteri of ER␤ Ϫ/Ϫ mice, there is an exaggerated responsiveness to E 2 , resulting in enlargement of the lumen, increase in volume and protein content of uterine secretion, and induction of aberrant epithelial expression of PR after E 2 injection (13). ER␤ is expressed in all cell types of uterine tissue and modulates estrogenic function by inhibiting ER␣ function (13, 20) . ER␤ has been reported to play a role in decidualization of rat uterus (21) and in human cervical ripening, which is essential for parturition (22) .
To better understand the role of ER␤ in the regulation of uterine tissue development, we have compared the uteri of WT and ER␤ Ϫ/Ϫ mice by observing markers of proliferation and differentiation before and after treatments with E 2 alone or E 2 ϩ P 4 .
Results

E-Cadherin Expression and ER␤
؊/؊ Uterus Epithelium. Uterus sections from ER␤ Ϫ/Ϫ mice and their WT littermates were stained with antibodies specific for E-cadherin. Expression of Ecadherin on the lateral surfaces of the epithelial cells was markedly lower in untreated ER␤ Ϫ/Ϫ mice than in WT mice ( Fig.  1 A and D) . Upon treatment with E 2 or with E 2 ϩ P 4 , expression of E-cadherin increased in both WT and ER␤ Ϫ/Ϫ mice ( Fig. 1 B and C and E and F, respectively). Visualization of E-cadherin on the epithelial membrane and cell borders permitted a clear picture of the shape of the epithelial cells and revealed that in ER␤ Ϫ/Ϫ mice, the lateral surfaces of the epithelial cells were deformed.
Hyperresponsiveness of ER␤ ؊/؊ Uterus to Proliferative Effects of E2.
BrdUrd was injected 14 h after injection of E 2 . DNA synthesis in the epithelial cells in the uterus commences Ϸ6 h after E 2 injection and peaks at 12 to 15 h (1, 10). E 2 treatment of ovariectomized adult mice resulted in uterine luminal epithelial cell proliferation in both WT ( Fig. 2 A and B 
Differentiation of Cells in the Uterine Endometrium and Cervix in
ER␤ ؊/؊ and WT Littermates. In the absence of ovarian hormones, expression of cytokeratin (CK) 18 in the luminal and glandular epithelium was similar in WT and ER␤ Ϫ/Ϫ mice ( Fig. 3 A and D) . Upon hormonal treatment, expression of CK18 in uteri showed a slight reduction in WT mice but was significantly decreased in ER␤ Ϫ/Ϫ mice ( Fig. 3 B and C and E and F, respectively). In contrast, expression of CK13, which is preferentially expressed in cells at the uterine cervix, was similar in WT and ER␤ Ϫ/Ϫ mice, and hormonal treatment resulted in no remarkable changes as determined by using immunohistochemical staining (Fig. 3 G-L) .
Colocalization of ER␣ and ER␤ in Uterine Tissue. Cellular localization of ER␣ and ER␤ was studied in the uteri of WT mice treated with vehicle ( Fig. 4 A and D) , E 2 ( Fig. 4 B and E) , or E 2 ϩ P 4 ( Fig. 4 C and F) . In Fig. 4 , Cy3-conjugated anti-chicken IgG (red) detects ER␤, and FITC-conjugated anti-rabbit IgG (green) detects ER␣. Cells in which ER␣ and ER␤ are colocalized are stained yellow or orange (arrows). ER␣ was abundantly expressed in intact WT mice (Fig. 4M ), but in vehicle-treated ovariectomized mice, ER␤ (but not ER␣) was expressed in the luminal epithelium (Fig. 4A) . Both receptors were expressed in the stroma and glandular epithelium. In the glandular epithelium, the two receptors colocalized in the same nuclei, but in the stroma, they were in separate cells (Fig. 4 A and D) . Upon E 2 treatment, ER␤ was lost from the luminal epithelium, whereas the two receptors were colocalized in nuclei of the stroma and glandular epithelium (Fig. 4 B and E) . When mice were treated with E 2 ϩ P 4 , only ER␣ was detected in the glandular epithelium (Fig. 4F ). In the stroma, many cells were ER␣-positive, and a few were ER␤-positive, but the two receptors were not coexpressed in the same cells (Fig. 4C ). Expression of ER␣ was studied in the uteri of WT and ER␤ Ϫ/Ϫ mice treated with vehicle ( Fig. 4 G and J), E 2 ( Fig. 4 H and K) , or E 2 ϩ P 4 ( Fig. 4 I and L) . Expression of ER␣ showed similar pattern in both genotypes but tended to be more intense in ER␤ Ϫ/Ϫ mice. Surprisingly, after ovariectomy, ER␣ could not be detected in the luminal epithelium of either WT or ER␤ Ϫ/Ϫ mice (Fig. 4 G-L ).
PR as a Stromal Differentiation Marker in ER␤ ؊/؊ and WT Littermates.
In vehicle-treated mice there was intense staining for PR in the majority of luminal and glandular epithelial cells in both WT and ER␤ Ϫ/Ϫ mice. There was faint staining in the stromal and muscular compartments (Fig. 5 A, D, and G) . E 2 and E 2 ϩ P 4 treatment resulted in a significant increase in expression of PR in the stroma (Fig. 5 B, C , and E-G), with only a small difference in expression of PR between WT and ER␤ Ϫ/Ϫ mice (Fig. 5G ). The intensity of PR staining in the luminal epithelium was reduced by treatment with E 2 or E 2 ϩ P 4 in mice of both genotypes (Fig. 5 B 
, C, E, and F).
Stromal Expression of EGFR in ER␤ ؊/؊ Mice. EGFR is up-regulated by estrogens (23) and plays an important role in uterine and vaginal organ growth in response to estrogens (24) . Immunohistochemical staining in uteri from ovariectomized mice revealed specific EGFR staining in the cytoplasm of luminal epithelium in WT mice and much weaker staining in ER␤ Ϫ/Ϫ mice ( Fig. 6 A and D) . E 2 treatment enhanced cytoplasmic staining in epithelium of WT but resulted in patchy staining in the nuclei of epithelial cells in ER␤ Ϫ/Ϫ mice ( Fig. 6 B and E). Upon treating ER␤ Ϫ/Ϫ mice with E 2 ϩ P 4 , there was a striking increase in nuclear staining of EGFR in the stromal cells (Fig.  6F) . In WT mice, stromal nuclear staining was rarely detected (Fig. 6C) .
Discussion
Our studies show that deficiency of ER␤ leads to hyperproliferation and loss of differentiation in the uterine epithelium. This finding is similar to what has been observed in the ventral prostate (17) and colon (18) . Thus, in the ventral prostate, colon, and uterus, ER␤ seems to be essential for driving cellular differentiation.
Previous studies have shown aberrant expression of adhesion molecules in the mammary gland and colon of ER␤ Ϫ/Ϫ mice. There is decreased expression of E-cadherin, connexin 32, occludin, and integrin ␣2 in mammary glands (15) and of ␣-catenin and plectin in the colon (18) . These changes are accompanied by alterations in cytoarchitecture as revealed by EM (15, 18, 19) . In the present study, the shape of the luminal epithelial cells was distorted in ER␤ Ϫ/Ϫ mice. This distortion was most evident as a lack of straight lateral walls. This change in shape may be attributed to the decreased expression of Ecadherin and CK18 exhibited in ER␤ Ϫ/Ϫ mice. E-cadherin is required at adherence junctions (25) and is essential for anchor- ing of epithelial cells. Loss of E-cadherin expression can disrupt these adherence junctional complexes and elicit phenotypic changes, including the acquisition of invasive growth (26) . In addition to physical attachment, adhesion molecules transmit regulatory information through cytoplasmic adaptors (27) such as ␤-catenin, an adherence-junction protein that attaches to E-cadherin and EGFR (28) . E-cadherin expression is estrogendependently regulated by ER␣ (29) . The present data show that ER␤ plays a regulatory role in E-cadherin expression. Although E-cadherin expression was reduced in the absence of ER␤, after administration of E 2 , E-cadherin expression levels returned to normal in ER␤ Ϫ/Ϫ mice. Thus, both ERs are involved in expression of E-cadherin.
Tissue recombinant experiments have clearly shown that uterine stroma is necessary for the proliferative response of the epithelium to E 2 (30) . ER␣-positive stroma behaves as an interpreter of the estrogen signal, translating it into a growthstimulating message that is sent to the epithelium. Loss of growth control is a characteristic of ER␤ Ϫ/Ϫ mouse uterus (13), bone marrow (16), ventral prostate (14, 17) , and colon (18) . The present study shows that in the uterine epithelium of ovariectomized ER␤ Ϫ/Ϫ mice, both in the absence and in the presence of E 2 , there were markedly more cells in S phase of the cell cycle than in WT littermates. Several peptide growth factors whose expression is hormonally responsive have been identified in the uterus. These factors include EGF, insulin-like growth factor-I, TGF-␣, and TGF-␤. The present studies show that dysregulation of the EGF system may be part of the reason for the hyperproliferative response of the ER␤ Ϫ/Ϫ uterus to E 2 . The role of the EGF family in estrogenic effects in the female genital tract is well documented (31) . Estrogens have effects on both EGF and EGFR in the uterus (32, 33) . The present study revealed that EGFR is found not only in association with the cell membrane but also in the cytoplasm and in nuclei of stromal cells in ER␤ Ϫ/Ϫ mice treated with E 2 ϩ P 4 . As is already known, P 4 induces proliferation of stromal cells and primes the uterus to respond to decidualizing stimuli (34) (35) (36) . The nuclear localization of EGFR is of special interest. Recently, several studies have reported that growth factors and their receptors are not confined to the membrane compartment of cells (37) (38) (39) . It has been suggested that nuclear EGFR is strongly correlated with highly proliferating activity (39) and that nuclear EGFR might function as a transcription factor to activate genes required for proliferation. Because the epithelial and stromal compartments communicate with each other through growth factors, the substantial expression of EGFR in stromal nuclei of ER␤ Ϫ/Ϫ mice might be related to the enhanced proliferation of the epithelium.
The pattern of differentiation of the uterine epithelium in the absence of ER␤ signaling was studied by immunohistochemical staining. In epithelial cells, CKs are intermediate filaments that determine cell shape. Over 20 distinct proteins constitute the CK family, which includes types I (CK9-CK20) and II (CK1-CK8). All epithelial cells express one or more type I and type II CKs. Changes in expression of CKs are seen during epithelial cell differentiation. CK18 is expressed in luminal and glandular epithelial cells of both human and rabbit endometrium at all developmental stages (40) . CK13 exhibits stage-specific expression in the secretory-phase luminal epithelium of humans and the peri-implantation-stage endometrium of rabbits (40) . We report here that CK18 is found in all luminal and glandular epithelial cells, and CK13 is found in the uterine cervix. After E 2 treatment, there was a marked reduction in CK18 expression in epithelial cells of ovariectomized ER␤ Ϫ/Ϫ but not WT mice. This reduction in CK18 may simply reflect that although most of the luminal epithelial cells are proliferating, very few are fully differentiated.
In uterine tissue, both ER␣ and ER␤ are expressed. In uterine stroma, ER␣ and ER␤ are colocalized in nuclei in E 2 -treated mice. We interpret this finding to indicate that as ER␣ mediates EGF secretion from the stroma, ER␤ plays a modulatory role on ER␣-mediated growth factor secretion. In the uterine glandular epithelium of WT mice there are very few cells where the two receptors are colocalized. In rodents, uterine secretory products of the endometrial glands are required for establishment of uterine receptivity and conceptus implantation. When ER␤ is absent, uterine glands are hyperresponsive to E 2 , with exaggerated uterine secretion of proteins, including growth factors (13) . ER␣ Ϫ/Ϫ mice have hypoplastic uteri that contain all characteristic cell types, but the number of uterine glands is reduced (41) . We hypothesize that the adenogenesis and development of the uterine gland requires ER␣, whereas ER␤ mainly plays a role in differentiation. and D) , 100 ng of E 2 (B and E), or 100 ng of E 2 ϩ 1 mg of P4 (C and F) . In vehicle-treated mice, there was strong membrane EGFR immunoreactivity in the luminal epithelium of WT mice (A) but no membrane or cytoplasmic staining in ER␤ Ϫ/Ϫ mice (D). E2 treatment resulted in enhanced EGFR expression in the cytoplasm of WT mice (B) and increased nuclear staining in ER␤ Ϫ/Ϫ mice. In ER␤ Ϫ/Ϫ mice treated with E2 ϩ P4, there was a marked increase in nuclear localization of EGFR in the stroma (F), whereas in WT mice, this treatment resulted in nuclear localization of EGFR in the epithelium but not in the stroma. (Insets) Outlined areas at 3 times greater magnification.
Consistent with the studies in refs. 13 and 20, ER␤ has a role in regulating PR expression in the rodent uterus. The 5Ј region of the PR gene contains clusters of estrogen-responsive element half-sites that are essential for trans-activation of the PR gene by liganded ER. However, the mouse PR gene is not a typical estrogen-responsive element-regulated gene, and its 5Ј region contains many other putative binding sites for other regulatory transcription factors. Because administration of E 2 decreases PR in the uterine epithelium of immature WT mice but increases PR in ER␤ Ϫ/Ϫ mice, it has been suggested that the induction of PR is an ER␣-mediated event, whereas repression of epithelial PR is ER␤-mediated (13) . This study shows that ER␤ is not required for an E 2 -induced decrease of uterine epithelial PR in adult mice. Interestingly, the E 2 induction of stromal PR in ER␣ Ϫ/Ϫ mice suggests that ER␤ might be responsible for stromal PR induction.
When ER␤ Ϫ/Ϫ mice are treated with E 2 ϩ P 4 , there is strong stimulation of growth in the stroma. Hom et al. (24) found that EGFR is required for the stromal response to estrogen. The hyperproliferation of the epithelium of ER␤ Ϫ/Ϫ mice after ovariectomy suggests that when E 2 and ER␤ are absent, there is growth-factor-induced proliferation of the uterus. Thus, loss of ER␤ predisposes the uterus to aberrant endometrial proliferation. In view of the increased risk for endometrial cancer that accompanies estrogen treatment of postmenopausal women, we suggest that these women should be routinely checked for expression of ER␤ in the endometrium. Loss of ER␤ would identify women who are at higher risk for proliferative diseases of the endometrium.
Materials and Methods Animals. WT and ER␤
Ϫ/Ϫ mice were bred from heterozygous mice. Genotyping by using PCR was performed on DNA isolated from tails of 2-week-old mice as described in ref. 12 . Mice were fed a soy-free standard chow diet (Special Diet Services, Whitham, Essex, U.K.) and tap water ad libitum. All animals were housed in Huddinge University Hospital Animal Facility under controlled lightning (12-h light, 12-h dark cycle), temperature (21-22°C), and relative humidity (50%) conditions. Animals were maintained in accordance with the Södra Djurför-söksetiska Nämnd Guidelines for Care and Use of Experimental Animals.
Hormone Treatments. Twelve WT and ER␤ Ϫ/Ϫ mice were ovariectomized at 8 weeks of age. Seven days after surgery, mice were injected once s.c. with 150 l of olive oil containing no hormone, 100 ng of E 2 , or 100 ng of E 2 ϩ 1 mg of P 4 . Mice were killed by cervical dislocation 16 h after the injection, and the uteri were isolated.
Chemicals and Antibodies. BrdUrd was purchased from Roche Diagnositcs (Mannheim, Germany). E 2 and P 4 were purchased from Sigma-Aldrich (St. Louis, MO). Chicken polyclonal antibody anti-ER␤ 503 IgY was produced in our laboratory (18) . Rabbit antibodies were anti-ER␣ (catalog no. sc-542; Santa Cruz Biotechnology, Santa Cruz, CA), anti-PR (catalog no. A0098; DAKO, Carpinteria, CA), and anti-CK18 (catalog no. 10830-1-AP; Protein Tech Group, Chicago, IL). Goat polyclonal antibody anti-EGFR was purchased from Santa Cruz Biotechnology (catalog no. sc-03-G). Mouse monoclonal antibodies were anti-BrdUrd (catalog no. 3D4; BD Biosciences PharMingen, San Jose, CA) and anti-CK13 (catalog no. ab16112; Abcam, Cambridge, U.K.). Biotinylated goat antirabbit IgG, anti-mouse IgG, horse anti-goat IgG, and avidinbiotin complex kits were from Vector Laboratories (Peterborough, U.K.). Cy-3-conjugated donkey anti-chicken IgG (catalog no. 703-165-155) and FITC-conjugated donkey antirabbit (catalog no. 711-095-152) were purchased from Jackson ImmunoResearch (West Grove, PA).
Treatment with BrdUrd. For measurement of proliferation, mice were treated i.p. with BrdUrd at 30 mg͞kg 2 h before being killed.
Immunohistochemistry. For immunohistochemical studies, uteri were removed and fixed f lat on wet filter papers overnight in 4% paraformaldehyde. They were routinely embedded in paraffin wax, and 4-m sections were mounted on organosilane-coated slides. Four-micrometer paraffin sections were dewaxed in xylene and rehydrated through graded ethanol to water. Antigens were retrieved by boiling in a 10 mM citrate buffer (pH 6.0) for 20 min except for the immunostaining of EGFR. The cooled sections were incubated in methanol containing 0.3% H 2 O 2 for 30 min to quench endogenous peroxidase. To block the nonspecific binding, sections were incubated in PBS containing 3% BSA and 0.1% Nonidet P-40 for 10 min at room temperature. Sections were then incubated with the antisera anti-BrdUrd (1:800), anti-CK13 (1:200), anti-CK18 (1:200), anti-PR (1:100), anti-EGFR (1:50), and anti-E-cadherin (1:200) in PBS containing 3% BSA and 0.1% Nonidet P-40 overnight at 4°C. Negative controls were incubated with PBS containing 3% BSA and 0.1% Nonidet P-40 without a primary antibody. The avidin-biotin complex method was used to visualize the signal, according to the manufacturer's manual (Vector Laboratories). The sections were incubated in appropriate biotinylated IgG solution (1:200) for 1 h at room temperature, followed by washing with PBS and incubation in avidin-biotin-horseradish peroxidase for 1 h. After washing in PBS, sections were developed with 3,3Ј-diaminobenzidine tetrahydrochloride substrate (DAKO) for 1-3 min, producing a brown stain. The sections were lightly counterstained with Mayer's hematoxylin, dehydrated through a graded ethanol series and xylene, and mounted.
Immunofluorescence Labeling of ER␣ and ER␤. ER␣ and ER␤ were detected in tissue sections by standard immunofluorescence as described in ref. 42 . For immunofluorescent detection, 4-m paraffin sections were dewaxed in xylene and rehydrated through graded ethanol to water. Antigens were retrieved by boiling in a 10 mM citrate buffer (pH 6.0) in a microwave oven for 20 min. Sections were incubated with PBS containing 0.5% Triton X-100 for 30 min, then with PBS containing 3% BSA for 15 min. For double staining of ER␣͞ER␤, sections were incubated sequentially with anti-ER␣ (1:200) and anti-ER␤ (1:100) in PBS containing 3% BSA and 0.1% Nonidet P-40 overnight at 4°C. Negative controls were incubated with PBS containing 3% BSA and 0.1% Nonidet P-40 without a primary antibody. The secondary antibodies were Cy-3-conjugated anti-chicken IgG (1:200), and FITC-conjugated anti-rabbit IgG (1:200). After incubation for 1 h, the sections were washed and dipped in DAPI solution (0.1 g͞ml in PBS) for 20 sec at room temperature to delineate nuclei and mounted in Vectashield antifading medium (Vector Laboratories). The sections were examined under a Zeiss (Göttingen, Germany) Axioplan 2 fluorescence microscope by using suitable filters for selectively detecting the fluorescence of FITC (green) and Cy3 (red). Colocalization was indicated by yellow or orange in cells in which both FITC-and Cy3-conjugated secondary antibodies were sequestered.
